Pregnancy and lactation are times of prolonged physiological changes affecting the neuroendocrine and immunological systems. One well-characterized change is the neuroendocrine hyporesponsiveness to acute stressful stimuli. We have now designed studies to see whether there is an alteration in the response of the hypothalamic-pituitary-adrenal (HPA) axis to an immunological inflammatory challenge and to ascertain whether lactating animals show altered neural and endocrine responses to inflammatory stimuli. Lactating (day 9-12 postpartum) or virgin control Sprague-Dawley female rats were injected with either 200 mg of endotoxin (lipopolysaccharide, LPS ) or sterile saline given i.p. Trunk blood or jugular blood was collected from the animals at 2 h or hourly over 6 h after injection. Both plasma adrenocorticotropic hormone (ACTH) and corticosterone concentrations were significantly higher in saline treated lactating animals compared with the virgin group. LPS significantly elevated circulating levels of plasma ACTH and corticosterone in both virgin and lactating animals compared with saline controls, however, hormone responses to LPS were significantly reduced in lactating animals relative to virgin controls. Corticosterone-binding globulin concentrations were lower in lactating animals compared to virgin animals and LPS decreased concentrations in virgin, but not lactating rats. Analysis of cfos mRNA in the paraventricular nucleus (PVN) of the hypothalamus revealed that 2 h following injection there was a increase in cfos expression only in the virgin animals treated with LPS, compared to all other treatment conditions. Corticotropin-releasing hormone (CRH) mRNA expression was overall greater in virgin animals, but was increased to similar extent in both virgin and lactating animals treated with LPS. Primary arginine vasopressin (AVP) mRNA transcripts were increased 2 h following LPS injection, but a greater increase in expression was seen in virgin animals. These data demonstrate that there is a lower level of free circulating glucocorticoid in response to inflammatory stimuli and suggests that communication between the immune and endocrine systems may be altered during lactation.
05.00), 10 h dark illumination cycle. One-half of the animals were mated and hypothalamus compared with non-lactating controls (6, litters culled to 8-12 pups, then subsequent procedures were co-ordinated so [13] [14] [15] [16] [17] . However, diurnal patterns of HPA activity are mainthat lipopolysaccharide challenge occurred on postpartum days 9-12. tained, but basal corticosterone levels rise and evening levels Catheter implantation of steroid are reduced (18) . Additionally, corticosterone binding globulin levels are reported to be lower than those Lactating (postpartum day [4] [5] [6] and virgin rats were anaesthetized using Hypnorm (0.32 mg/kg fentanyl citrate and 10 mg/kg fluanisone, i.m, Janssen found in non-lactating or pregnant females (19) . HPA Pharmaceuticals Ltd, Oxford, UK ) combined with diazepam (2.6 mg/kg ip, responses to a variety of psychological and physiological Phoenix Pharmaceuticals Ltd, Gloucester, UK ). The right jugular vein was stimuli, including exercise in man (20) hypertonic saline, tone-shock conditioned stress, and noise Portex, Hythe, Kent, UK ) filled with 10 U/ml heparinized isotonic saline was stress in rodents are all reduced during lactation (1, 11, 15, inserted into the vessel until it lay close to the entrance of the right atrium. The free end of the cannula was exteriorized through a scalp incision and 21). Altered stress effects on endocrine function are not then tunnelled through a protective spring which was anchored to the parietal limited to HPA responses, however, as other neuroendocrine bones using two stainless steel screws and self-curing dental acrylic. Once systems including oxytocin, prolactin and catecholamines recovered from anaesthetic the animals were returned to individual housing stress responses are also reduced (15, 22, 23) . In addition, it cages. The end of the spring was attached to a mechanical swivel, which has been reported that cfos mRNA expression in response to rotated through 360°in a horizontal plain and 180°through a vertical plain giving the animals maximum freedom of movement. Catheters were flushed restraint stress is reduced in limbic structures including the daily with heparinized saline to ensure patency and the lipopolysaccharide amygdala, septum and cingulate cortex. The pattern of stresschallenge was administered 5 days postoperatively.
induced cfos expression in these structures parallels alterations seen in circulating corticosterone and parvocellular paravenRadioimmunoassays tricular nucleus cfos expression, and are reduced during early Total plasma corticosterone concentrations were measured directly in heparinlactation when compared with late pregnancy and late lactaized plasma using a citrate buffer at pH 3.0 to denature the binding globulin (1100 ml buffer), antiserum kindly supplied by Professor G. Makara (Institute tion (5) . However, the adaptive significance of altered stress of Experimental Medicine, Budapest, Hungary) and 125I-corticosterone (ICN responsiveness is not readily apparent and there is no evidence Biomedicals, Irvine, CA, USA) with a specific activity of 2-3 mCi/mg. Plasma that survival is altered when lactating rats are faced with life-ACTH was measured in samples collected with 10 ml saturated EDTA threatening challenges.
(Sigma) solution, using an Immunochem double antibody radioimmunoassay Lipopolysaccharide or gram-negative endotoxin injection kit (ICN, Basingstoke, UK ). All samples were run in one assay and levels were determined relative to standards and are expressed as ng/ml (cort) is a potent activator of the HPA axis. HPA activation in or pg/ml (ACTH ) plasma. Intra-assay variation was 8% for corticosterone response to lipopolysaccharide challenge is thought to be an and 6% for ACTH.
important adaptive immunoregulatory response, suppressing inflammatory responses by dampening the production of Corticosterone binding globulin acute phase proteins and proinflammatory cytokines, and Corticosterone binding globulin (CBG) levels were determined by singlepoint assays. Plasma samples (20 ml ) were stripped of endogenous corticosthereby preventing septic shock (24) . This activation is terone using LH-20 columns and eluted with 500 ml of 30 mM Tris, 1 mM thought to be mediated both through cytokine-hypothalamic EDTA, 10 mM sodium molybdate, 10% v/v glycerol and 1 mM dithiothreitol interactions (25) and the activation of vagal inputs to the ( TEDGM ). Sample aliquots (150 ml ) were incubated with a saturating CNS (26-28). Indeed, there is increasing evidence that concentration (100 nM ) of 3H-corticosterone (total binding) or 3H-corticosinflammatory stimuli activate HPA responses via distinct terone and a 200-fold excess cold corticosterone (non-specific binding).
neural circuitry from psychological stressors (29, 30). It has
Following incubation for 21 h at 4°C, bound and unbound steroid were separated with LH-20 chromatography. Triplicate determinants of total and also been demonstrated that HPA responses to lipopolynon-specific binding were made for each sample by washing 100 ml of incubates saccharide are maintained following adaptation to chronic into columns with 100 ml TEDGM. The columns were eluted 30 min later stress when exposure to other stressors is dampened (31) . to radioactivity) were measured using a computer assisted image analysis system (Image 1-22, developed by W. Rasbad, NIH, Bethesda, MD, USA), and run on a Macintosh 11 Ci. The results are presented as integrated optical
Materials and methods
densities and expressed as arbitrary units.
Animals
The arginine vasopressin intronic probe, a synthetic 39-base oligo nucleotide corresponding to the first 39 bases of rat arginine vasopressin intron I (AVPin) Female Sprague-Dawley rats (Bantin and Kingman, Hull, UK ) were housed under standard animal housing conditions, including a 14 h light ( lights on (34) was purchased from GibcoBRL, UK and the in-situ hybridization procedure was performed as previously described (29). The probe was labelled at the 3∞ end using TDT (Boehringer-Mannheim) and [35S ]deoxyadenosine 5∞-(a-thio) triphospate (>1000 Ci/mmol, Dupont Ltd, Stevenage, Herts, UK ) and column purified (QIAquick Nucleotide Removal Kit, Qiagen Ltd, Dorking, Surrey, UK ). Sections were hybridized overnight at 37°C with 5×105 c.p.m. labelled over two sections, then washed in four 15 min rinses of 1×SSC buffer in a shaking water bath at 55°C, followed by two 30-min rinses in 1×SSC at room temperature. For cellular localization of arginine vasopressin, slides were subsequently dipped in nuclear emulsion (Ilford Scientific Product K-5, Mobberley Cheshire, UK ) and exposed for 50 days. After development, the sections were stained with cresyl violet. Analysis of changes in the prevalence of arginine vasopressin transcripts in the paraventricular nucleus was carried out by counting the number of cells within the area of the paraventricular nucleus exhibiting silver grain clusters above background signal and by subtracting the signal detected on the sense control slides.
Statistical analysis
All values are expressed as mean±SEM. All data were analysed using ANOVA (P<0.05) and, when deemed appropriate, patterns of mean differences were determined using Newman-Keuls multiple comparisons or planned contrasts (a=0.05).
Acute lipopolysaccharide activation of HPA responses
Virgin controls (n=5-6) and lactating females (n=7) were injected i.p.
(08.00) with 200 mg lipopolysaccharide (E.Coli, Lot no. 63H4010, Sigma) or sterile saline and killed 2 h post-injection. Trunk blood was collected for endocrine determinations and brains collected to assess c-fos mRNA expression at the level of the paraventricular nucleus of the hypothalamus. This lipopolysaccharide dose and sampling time were chosen based on previous literature indicating the limited time frame (1-3 h) for lipopolysaccharide induced cfos expression in the paraventricular nucleus following low to moderate doses of lipopolysaccharide administered ip (35) .
Results
Acute challenge with lipopolysaccharide resulted in an increase in circulating corticosterone in virgin and lactating females relative to saline treated controls (Fig. 1 , Lactation×Treatment, F (1, 21)=11.49, P=0.0028). Levels of corticosterone were significantly greater in saline treated lactating animals compared with saline treated virgin animals (Newman Keuls, a<0.05). Endotoxin treatment resulted in increased levels of circulating steroid in both virgin and lactating animals when compared with virgin saline controls (a<0.05), however, the effect of lipopolysaccharide treatment was not statistically significant for lactating animals compared to lactating saline controls (a>0.05). Plasma CBG decreased with lipopolysaccharide treatment in virgin animals, however, this effect was not observed for lactating animals, (Lactation×Treatment, F (1, 21)=6.59, P=0.018). It was also observed that CBG levels were signi- and that free corticosterone signal is proportional to the non-CBG bound fraction of the circulating hormone (36). This analysis resulted in a similar pattern of results from those antly lower than those seen in virgin animals administered endotoxin (a<0.05) and did not differ from lactating saline seen with analysis of total corticosterone levels, with both stress and resting levels of corticosterone significantly greater controls (a>0.05). Plasma ACTH levels in saline treated animals tended to be significantly greater in the lactating in lactating animals relative to virgin controls.
Plasma ACTH increased with lipopolysaccharide treatment animals compared with saline-treated virgins, but just failed to reach statistical significance, (a=0.059). in virgin animals (Lactation×Treatment, F (1, 21)=10.31, P=0.0042). However, while there was a tendency for levels Figure 2 illustrates the observed optical densities for c-fos mRNA expression in endotoxin treated virgin and lactating to increase in the lactating animals, these values were signific-
is known to be returned to normal levels. We observed increases in cfos mRNA activation in these animals (data not shown) equivalent to those seen in virgin controls. These data suggest that dampened cfos mRNA responses were related to lactation and not to previous partum status.
The present data demonstrate that by 2 h following lipopolysaccharide administration there is activation of the HPA axis in both virgin and lactating female rats, but these effects are significantly reduced during lactation at the hypothalamic, pituitary and adrenal levels. However, the observed effects may also reflect differences in the dynamics of the HPA response during lactation and a time course of the response must be considered in order to interpret these results appropriately. We have therefore studied the dynamics of the HPA response to lipopolysaccharide injection over 6 h in virgin and lactating rats. This time frame also allowed measurement of CRH mRNA expression in response to lipopolysaccharide.
Time course of HPA activation to lipopolysaccharide and response of CRH mRNA
This experiment included groups of virgin (n=7-9) and day 9-12 lactating rats (n=7-9), implanted with indwelling cannulae. On the day of the study a 0.2 cc basal blood sample was collected between 07.00 and 08.00 h. One hour later animals were injected with either saline or lipopolysaccharide (200 mg i.p.) and further hourly blood samples were collected by decapitation and brains and trunk blood collected and stored at −80°C until assayed. animals and respective representative autoradiograph images. Analysis of autoradiograph optical densities for c-fos mRNA Results expression revealed significant differences between treatment groups (Lactation×Treatment, F (1, 21)=13.54, P=0.0014),
As illustrated in Fig. 3 , lipopolysaccharide administration significantly increased circulating levels of corticosterone in where mRNA expression was significantly increased in virgin animals administered lipopolysaccharide compared with all both the virgin control and lactating animals. An unpaired t-test revealed a significant difference between virgin and treatment groups (a<0.05). It was observed that c-fos mRNA expression was not significantly increased in lactating animals lactating animals for basal corticosterone levels prior to lipopolysaccharide treatment, with the lactating animals disadministered lipopolysaccharide (a>0.05), relative to salinetreated lactating controls. All slides were counterstained with playing greater levels (i.e. 78.35 ng/ml vs 129.9 ng/ml ), (t(26)=−2.76, P=0.019). anova with repeated measures cresyl violet to confirm the section placements within the paraventricular nucleus. As indicated by the autoradiograph, revealed a significant Lactation-Treatment interaction, (F (1, 24)=11.04, P=0.0028) and a significant Treatment-Time cfos mRNA responses were barely observable in lipopolysaccharide treated lactating animals and c-fos mRNA was interaction, (F (5,120)=3.85, P=0.0029). Planned contrasts revealed a significant interaction Lactation×Treatment at 2 present in both the magnocellular and parvocellular areas of the paraventricular nucleus in lipopolysaccharide-treated through 3 h and at 6 h following lipopolysaccharide administration. Overall lipopolysaccharide effects were not as marked virgin animals.
A separate preliminary experiment was conducted using in lactating animal as in virgin controls, but resting levels of circulating corticosterone were greater in lactating saline an identical experimental protocol in which ex-lactating animals (12 days post-weaning) were injected with lipopolyanimals compared with virgin saline animals. Area under the curve was calculated using the trapezoidal rule, and ANOVA saccharide and c-fos mRNA examined at 2 h postinjection. We assessed responses in animals at 12 days post-weaning:
of these data showed a significant Lactation-Treatment revealed a significant difference between virgin and lactating animals treated with lipopolysaccharide at the 1-h time point (a<0.05) following injection. By 6 h post-injection ACTH levels in the lactating animals had returned to baseline, but they remained elevated in the virgin lipopolysaccharidetreated animals (a<0.05). These data indicate that the plasma ACTH response to i.p. lipopolysaccharide occurs over a limited time frame in lactating animals whilst the response is earlier and longer in virgin females. Analysis of area under the curve for ACTH secretion resulted in a significant Treatment main effect (F (1, 35) =28.24, 0.0001), where levels were increased with lipopolysaccharide treatment, but this effect did not differ significantly between lactating and virgin animals. We failed to replicate the difference in ACTH levels seen between the lipopolysaccharide-treated animals at the 2-h time point in this experiment. However, examination of the data revealed that while ACTH levels correspond for the lactating animals, levels are considerable lower in the virgin controls at this time point. We suggest that the differences in the dynamics of the ACTH response observed between these two studies may reflect the differences in blood collection techniques. It may also be the case that inflammatory sequelae to surgical implantation of the catheters may have altered the dynamics of responding to subsequent inflammatory stimuli. However, overall we did observe that the virgin animals displayed a greater and earlier response to lipopolysaccharide within the time frame from injection up to 2 h post-injection. In both groups of animals, hypothalamic CRH mRNA expression at 6 h post-lipopolysaccharide injection was increased compared to saline controls (Fig. 4, F (1, 34) = 44.10, P=0.0001), and was found to be significantly lower overall in lactating compared to virgin animals (F (1, 34)= 17.65, P=0.0002). Newman-Keuls comparisons revealed that saline treated lactating animals exhibited lower CRH mRNA Arginine vasopressin is an important ACTH secretagogue determining HPA responses to inflammation (35, 37, 38) . Detection of acute changes in arginine vasopressin cytosolic interaction (F (1, 26)=10.86, P=0.0028). lipopolysaccharide increased the corticosterone signal in both virgins and lactatmRNA is difficult due to the long half-life of the mRNA and, therefore, determining altered mRNA expression closer ing animals, but to a lesser extent in the lactating animals (a<0.05) and saline-treated lactating rats exhibited greater to transcription is a more sensitive measure. In-situ hybridization was used to assess arginine vasopressin hnRNA expressteroid signal than did saline treated virgin rats (a<0.05).
Differences in plasma ACTH responses between virgin and sion on brains collected 2 h following lipopolysaccharide treatment (experiment 1). The measurement of arginine vasolactating animals were not as marked as those observed for corticosterone. Resting levels of ACTH prior to injection pressin hnRNA expression was determined by counting the number of cells with grains within the paraventricular nucleus. were greater in lactating animals (62.81±11.83 Virgin vs 109.5±20.31 Lactating) (t (26)=−2.14, P<0.045) compared
To control for background signal, adjacent sections from each animal were hybridized with sense probe and the number with virgin animals. ANOVA of the effects of lipopolysaccharide with repeated measures over time, resulted in a significant of false positive cells counted on these sections, and subtracted from the signal detected on the antisense hybridization. Few interaction demonstrating that lipopolysaccharide increased plasma ACTH relative to saline controls, and that this effect false positives were observed and the treatment groups did not differ on this measure. Analysis of the corrected data varied between virgins and lactating animals, and over time, (1, 21)=4.91, P=0.038. lipopolysaccharide significantly other stress stimuli (29-31). We were particularly interested in this question as it may have significant implications for increased arginine vasopressin hnRNA expression relative to saline controls and this effect was significantly greater in the immunoregulation of inflammatory responses during lactation. virgin compared with the lactating animals (a<0.05) (see Fig. 5) .
At the HPA level of circulating steroid we found a similar time-course in the corticosterone response to lipopolysaccharide in the virgin controls and lactating animals, but the Discussion magnitude of the increase was reduced in the nursing dams. At the level of ACTH function, the lactating rats showed an It is well established that during lactation there is not only dampening of the hormonal response to acute stressors (11, altered time course and duration of ACTH responses, however, peak levels were not significantly different between the 15, 21), but there is also a diminished CRH mRNA response (15) . We also know that female rats show both corticosterone two groups. In order to assess whether this stress hypo-responsiveness and CRH and arginine vasopressin mRNA responses to lipopolysaccharide challenge (32). The question we wanted also occurred at the hypothalamic level, we assessed the response of c-fos and CRH mRNA and of arginine vasopresto answer was whether lactation altered the HPA responsiveness to an inflammatory stimulus which may activate HPA sin hnRNA in the paraventricular nucleus. c-fos mRNA responses give us a non-specific indication of paraventricular responses via different neural routes from those activated by nucleus activation in response to the lipopolysaccharide treatdiminished corticosterone and ACTH responsiveness to lipopolysaccharide during lactation? ment. Although virgin and ex-lactating rats showed a strong c-fos mRNA response, lactating animals demonstrated little or no response, indicating a marked reduction either in Central vs peripheral incoming afferent activation or in paraventricular nucleus One possibility is that the inflammatory or acute phase responsiveness in these animals. These data are in keeping response may be reduced during lactation. In the present with previous studies showing diminished responses of c-fos investigation we did not directly determine the inflammatory mRNA to acute stressors during lactation (5, 6, 39) , and responses, but it has been reported that in-vitro proinflamalso emphasize the generalized reduction of hypothalamic matory cytokine production is equal or greater in lactating responsiveness of the HPA axis in these animals.
females compared with virgin females (11) . However, no The CRH mRNA and arginine vasopressin hnRNA data are available concerning in-vivo circulating levels of responses to lipopolysaccharide show a similar pattern of inflammatory indicators (i.e. cytokines, acute phase proteins) altered responsiveness, although the difference between the in response to inflammatory stimuli during lactation. responses in the virgin and lactating animals was not as
At the hypothalamic level, HPA responses to lipopolymarked as for c-fos mRNA. We have previously shown saccharide are also dependent on hypothalamic-gonadal axis diminished CRH mRNA responses to acute stress in lactating function. In particular, hypothalamic c-fos, CRH, and arginanimals (15) , and in our current studies we find lower basal ine vasopressin RNA responses to lipopolysaccharide vary CRH mRNA, but no significant differences in the extent of across the oestrus cycle in female rats with maximal responses the CRH mRNA response to lipopolysaccharide between during proestrus (32). Our data provide further strength to lactating and virgin animals. Basal arginine vasopressin the idea that the endocrine state of the female may contribute hnRNA was similar in both groups of animals, but there was to alterations in HPA reactivity. a significantly smaller response to lipopolysaccharide in the There is increasing evidence that there is considerable plastilactating animals. Overall we clearly find diminished paravencity of function at the hypothalamic level, and that lactation tricular nucleus responsiveness to immune activation as is associated with major changes in CNS responsiveness to reflected by the different cfos and arginine vasopressin afferent activation (2). cfos studies have revealed that lactating hnRNA. The fact the CRH and arginine vasopressin trananimals show diminshed responsiveness in a number of limbic scripts may not change in parallel is now no surprise since structures in response to stress (5) . Lipopolysaccharide itself recent studies have shown considerable variation in the ratio is known to activate central catecholaminergic pathways (45, of CRH to arginine vasopressin transcript responses depend-46), and there is evidence that lactation is associated with ent on the previous experience of the animal (33), presumably decreased noradrenergic activity in the parvocellular paravenrelated to the activity of transactivating factors in the parvotricular nucleus (8, 9) with diminished noradrenaline and cellular neurones of the paraventricular nucleus. In addition, metabolite release and decreased affinity of a2 adrenorecepit has been reported that alterations in CRH transcription tors. There is also a decreased responsiveness to methoxamine are not necessarily related to alterations in c-fos activation and central a1 receptor stimulation in lactating dams (7, 10) . following lipopolysaccharide challenge (35) .
These data would suggest that changes in the responsiveness CBG levels are reduced in lactating animals (11, 19) and of hypothalamic neurones represents a significant aspect of levels are also reduced following inflammation (40, 41). We the decreased response to lipopolysaccharide we have found have not only confirmed these findings, but also observed in our lactating dams. Our data clearly show an alteration in that lipopolysaccharide did not affect CBG levels in the the neuroendocrine immune interface during lactation which lactating animals. It has been reported that CBG is a 'negative may explain some of the immunological changes reported in acute phase protein' and that levels of CBG and liver mRNA this physiological state (11) . for transcortin are reduced during an acute phase or inflammatory reaction in both adult male and female rats (40, 41). It has been proposed that during inflammation CBG binding
